G protein-coupled receptors (GPCRs) play a key role in regulating bone remodeling. Whether GPCRs exert anabolic or catabolic osseous effects may be determined by the rate of receptor desensitization in osteoblasts. Receptor desensitization is largely mediated by direct phosphorylation of GPCR proteins by a family of enzymes termed GPCR kinases (GRKs). We have selectively manipulated GRK activity in osteoblasts in vitro and in vivo by overexpressing a GRK inhibitor. We found that expression of a GRK inhibitor enhanced parathyroid hormone (PTH)/PTH-related peptide (PTHrP) receptor-stimulated cAMP generation and inhibited agonist-induced phosphorylation of this receptor in cell culture systems, consistent with attenuation of receptor desensitization. To determine the effect of GRK inhibition on bone formation in vivo, we targeted the expression of a GRK inhibitor to mature osteoblasts using the mouse osteocalcin gene 2 (OG2) promoter. Transgenic mice demonstrated enhanced bone remodeling as well as enhanced urinary excretion of the osteoclastic activity marker dexoypyridinoline. Both osteoprotegrin and OPG ligand mRNA levels were altered in calvaria of transgenic mice in a pattern that would promote osteoclast activation. The predominant effect of the transgene, however, was anabolic, as evidenced by an increase in bone density and trabecular bone volume in the transgenic mice compared with nontransgenic littermate controls.
Introduction
G protein-coupled receptors (GPCRs) play a key role in regulating bone remodeling. Whether GPCRs exert anabolic or catabolic osseous effects may be determined by the rate of receptor desensitization in osteoblasts. Receptor desensitization is largely mediated by direct phosphorylation of GPCR proteins by a family of enzymes termed GPCR kinases (GRKs). We have selectively manipulated GRK activity in osteoblasts in vitro and in vivo by overexpressing a GRK inhibitor. We found that expression of a GRK inhibitor enhanced parathyroid hormone (PTH)/PTH-related peptide (PTHrP) receptor-stimulated cAMP generation and inhibited agonist-induced phosphorylation of this receptor in cell culture systems, consistent with attenuation of receptor desensitization. To determine the effect of GRK inhibition on bone formation in vivo, we targeted the expression of a GRK inhibitor to mature osteoblasts using the mouse osteocalcin gene 2 (OG2) promoter. Transgenic mice demonstrated enhanced bone remodeling as well as enhanced urinary excretion of the osteoclastic activity marker dexoypyridinoline. Both osteoprotegrin and OPG ligand mRNA levels were altered in calvaria of transgenic mice in a pattern that would promote osteoclast activation. The predominant effect of the transgene, however, was anabolic, as evidenced by an increase in bone density and trabecular bone volume in the transgenic mice compared with nontransgenic littermate controls. (14) (15) (16) . Developing strategies for modulating GRK2 and GRK3 activity might therefore provide a mechanism for regulating GPCR responsiveness. Because currently there are no specific chemical GRK inhibitors, investigators have developed alternative methods for modulating GRK function. One such strategy takes advantage of the observation that domains in the C terminus of GRK2 and GRK3 are critical for targeting of the enzymes to activated receptors at the cell membrane (17) (18) (19) (20) . The C termini of GRK2 and GRK3 are enzymatically inactive but can compete with GRKs for receptor substrate (17) (18) (19) (20) . Overexpressing C-terminal domains of either GRK2 (GRK2-CT) or GRK3 (GRK3-CT) therefore inhibits the ability of GRKs to bind receptor substrate, thus preventing agonist-induced phosphorylation of GPCRs and, in turn, enhancing GPCR signaling. This strategy for inhibiting activity of GRKs has been used successfully both in cell culture systems as well as in whole animal models (17) (18) (19) (20) .
To begin investigating the role of GRKs in bone formation, we first studied the effect of GRK inhibition on GPCR signaling in cell culture models using the PTH/PTHrP receptor as a model system. We found that expression of the GRK2-CT enhanced PTH/PTHrP receptor signaling in HEK293 cells transfected with the PTH/PTHrP receptor cDNA as well as in the rat osteosarcoma cell line ROS 17/2.8 cells, which express an endogenous receptor for PTH/PTHrP. This increase in PTH/PTHrP receptor responsiveness was associated with a reduction in agonist-induced phosphorylation of the PTH/PTHrP receptor. To study the role of GRKs in vivo, we created transgenic mice that expressed the GRK2-CT in osteoblasts using a 1.3-kb fragment of the mouse osteocalcin gene 2 (OG2) promoter (21) to target expression of the GRK inhibitor to mature osteoblasts (22) . Transgenic mice demonstrated an increase in both osteoblastic and osteoclastic activity as well as alterations in osteoprotegrin (OPG) and OPG ligand (OPGL) mRNA levels in mouse calvaria, which had a pattern that would tend to promote osteoclast activation. Although both bone formation and bone resorption were enhanced in transgenic mice, the net effect of the transgene was anabolic, as evidenced by an increase in bone density and trabecular bone volume in the transgenic animals compared with nontransgenic littermate controls. Taken together, these data indicate that GRKs regulate GPCR systems in bone and suggest that pharmacological manipulation of GRK activity in bone may be a strategy for promoting osteogenesis. (24) . The 12CA5 Ab was purchased from Roche Molecular Biochemicals (Indianapolis, Indiana, USA). Rabbit polyclonal Ab's to the C terminus of GRK2 (25) were a kind gift of Robert J. Lefkowitz (Duke University Medical Center). The cDNA for the GRK2-CT was also a gift of Robert J. Lefkowitz and was produced as described previously (18) (19) (20) . A 1.3-kb fragment of the OG2 promoter was provided by Gerard Karsenty (Baylor College of Medicine, Houston, Texas, USA) (21) .
Methods

Materials
Isolation of a cDNA encoding the rat PTH/PTHrP receptor. A cDNA clone encoding the rat PTH/PTHrP receptor (26) was isolated by RT-PCR using the high-fidelity DNA polymerase Pfu and total RNA prepared from the rat osteosarcoma cell line ROS 17/2.8 cells as described previously (14) . The 12CA5-tagged PTH/PTHrP receptor was produced as previously described (14) .
Creation of a retroviral GRK2-CT. The pLuv retroviral vector was provided by Clay Smith (27) . To generate the GRK2-CT retroviral vector, we used PCR and the highfidelity DNA polymerase Pfu (Stratagene) to insert BspHI and BamHI sites immediately 5′ and 3′ to the start and stop codons, respectively. PCR was performed with the bovine GRK2 cDNA (14) as the template and using the forward primer GACACAAAAGGAATCATGAT-ACTGGACAGTGACCAG and the reverse primer TGGGC-CATGGCGGCCGCGCTTCTGCAGGTCGACTCTAG. For the PCR reaction, the thermocycler was set at 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 2 minutes. The PCR product was cut with BspHI/BamHI and was inserted into the unique NcoI/BamHI restriction sites in the pLuv vector to create pLuv-GRK2-CT. Sequencing of the constructs using the dideoxy method (28) confirmed that the construct was inserted in the proper orientation and in-frame.
Development of ecotropic retroviral producer cell lines. The E86 ecotropic retroviral packing cell line was a gift of Clay Smith (24) . To create cells stably expressing the pLuv-GRK2-CT vector, cells were transfected with 5 µg pLuv-GRK2-CT and 1 µg of pSV2-neo (American Type Culture Collection) vector containing a neomycin-resistant cassette. After transfection, cells were maintained in medium containing 700 µg/ml G418. For serum containing retroviral supernatant, cells were washed with DMEM and then grown for 2 days in DMEM supplemented with 10% heat-inactivated FCS. The supernatant was then collected and centrifuged to remove cell debris. All supernatant aliquots were stored at -70°C (27) .
Culture and transfection of HEK293 cells. HEK293 cells were grown and subcultured as described previously (14) .
For transfection, HEK293 cells were plated in either 60-mm dishes or six-well plastic culture dishes (9.5 cm 2 /well) (Corning-Costar Corp., Cambridge, Massachusetts, USA) and grown to approximately 80% confluence. Cells were then transfected using the calcium phosphate method (28) . To express PTH/PTHrP receptors, we used 1 µg of plasmid DNA per milliliter of transfection solution. Preliminary experiments suggested that these amounts of plasmid DNA optimized the level of receptor expression and transfection efficiency (∼20-40%). For each transfection, 1 ml of transfection solution was added (in drops) to a single 60-mm dish or to two wells of a six-well plastic culture dish (9.5 cm 2 /well) (Corning-Costar Corp.). In the cotransfection experiments, the GRK-CT plasmid DNA was included in the transfection solution at a concentration of 5 µg/ml. Following an overnight incubation, the DNA solution was replaced with DMEM supplemented with 10% heat-inactivated FCS, penicillin (100 U/ml), and streptomycin (100 µg/ml). HEK293 cells were studied after 48 hours following transfection.
Culture and infection of ROS 17/2.8 cells. ROS 17/2.8 cells were grown and subcultured as described previously (23) . For retroviral infection, cells were plated the night before at a density of 2 × 10 4 to 4 × 10 4 cells/ml in six-well plastic culture dishes (9.5 cm 2 /well) (Corning-Costar Corp.). The following day, 1 ml of freshly thawed retroviral vector supernatant containing 10 µg/ml polybrene (Sigma-Aldrich) was added to each well. After 1 hour, an additional milliliter of medium was added. Medium was changed the following day, and cells were studied after 2 days following infection. Preliminary studies using a pLuv vector designed to express green fluorescent protein indicated that this protocol resulted in an 80-90% infection rate (data not shown).
Radioligand-binding studies. Radioligand-binding studies were performed using cell monolayers as described previously (14) . Equilibrium-binding data were analyzed by the method of Scatchard (29) to give estimates of the maximal number of specific binding sites (B max ) and apparent equilibrium K d by fitting the data to a nonlinear model using the ENZFITTER computer program (Elsevier-Biosoft, Cambridge, United Kingdom). Data are expressed as femtomoles per million cells.
Measurement of cAMP generation. Generation of cAMP was measured by the method of Salomon et al. (30) as described previously (14) . Data are expressed as the percentage of increase above basal cAMP generation.
Immunoblotting of GRKs. Expression GRK2, GRK3, and the GRK2-CT were evaluated with a rabbit polyclonal Ab (25) that recognizes the C termini of both GRKs using techniques described previously (14) .
Immunoprecipitation of epitope-tagged PTH/PTHrP receptors and immunoblotting of immunoprecipitates. HEK293 cells were treated with the indicated concentrations of agonist or vehicle, then immunoprecipitation of PTH/PTHrP receptors was performed as described previously (14) . Proteins were separated on 9% polyacrylamide gel with 0.1% SDS as described by Laemmli (31) . After drying the gels, phosphorylated proteins were detected by autoradiography.
To determine the amount of PTH/PTHrP receptor protein in the immunoprecipitates a portion of the immunoprecipitated proteins were separated using 9% polyacrylamide gel with 0.1% SDS and were transferred from the polyacrylamide gel to nitrocellulose (Bio-Rad Laboratories Inc., Richmond, California, USA) using a Milliblot semidry transfer apparatus (Millipore Corp., Bedford, Massachusetts, USA), according to the directions of the manufacturer. The nitrocellulose was blocked for 1 hour in BLOTTO. After blocking, the 12CA5 Ab was added at a concentration of 0.5 µg/ml in BLOTTO. The blot was incubated at room temperature for 1 hour with gentle rocking followed by three washes with T-TBS. The horseradish peroxidase-labeled secondary Ab (Amersham International) was added at a dilution of 1:2,000 in BLOTTO. After rocking for 1 hour at room temperature, the blot was washed once with 0.2% Tween 20-TBS (T-TBS) and twice with TBS. Proteins were detected by enhanced chemiluminescence (ECL) according to the manufacturer's specifications (Amersham International).
Transgene construction and creation of transgenic mice expressing the GRK2-CT. The transgene was constructed in the vector pcDNA 3.1 (Invitrogen Corp., San Diego, California, USA). The mouse OG2 promoter was provided by Gerard Karsenty (21) . The GRK2-CT was provided by Robert Lefkowitz and contains amino acids 495-689 of bovine GRK2 ligated to the human β-globulin polyadenylation signal (18, 32) . To create the transgene a 1.3-kb fragment of the mouse OG2 promoter was ligated into the unique KpnI/EcoRI site of pcDNA 3.1 vector. The GRK2-CT, including the human β-globulin polyadenylation signal, was ligated in the unique EcoRI/XbaI site of pcDNA 3.1 just 3′ to the promoter sequence.
Transfection of ROS 17/2.8 with the GRK2-CT transgene. ROS 17/2.8 cells were grown and subcultured as described previously (23) . To determine if our transgene could be expressed by osteoblastic cell lines, we created a construct in which transgene expression was driven solely by the OG2 promoter by removing the CMV promoter sequences in pcDNA 3.1 using the restriction enzymes MluI and HindIII. After filling in the overhangs with Pfu DNA polymerase, the construct was circularized with T4 DNA ligase. To transfect ROS 17/2.8 cells, cells were plated in 60-mm dishes (Corning-Costar Corp.) and grown to approximately 80% confluence. Cells were then transfected with the Transfast system (Promega Corp.) according to the directions of the manufacturer, using 5 µg of plasmid DNA. After selection in G418 (700 µg/ml concentration) for 2 weeks, cells were harvested, and evaluation of transgene expression was evaluated by immunoblotting as described above.
Creation of transgenic mice expressing the GRK2-CT. To create transgenic mice, the transgene was purified by cesium chloride centrifugation (28) and then linearized by cutting with the restriction enzymes HindIII/XbaI. The linearized transgene was then separated from vector sequences on a 0.8% agarose gel and extracted from the gel using the QIAquick Gel Extraction Kit (QIAGEN Inc., Valencia, California, USA). To remove endotoxins, the transgene was further purified by treatment with the EndoFree Kit (QIAGEN Inc.), according to the directions of the manufacturer. The purified transgene was injected into the pronuclei of one-cell mouse embryos and then surgically implanted into pseudopregnant females in the transgenic facility at Duke University Medical Center. Transgenic mice were identified by the PCR as described below. All animal procedures were approved by the Animal Care and Use Committee of Duke University Medical Center.
Screening for transgenic mice by the PCR. To screen for our transgenic animals we performed PCR using Taq DNA polymerase (Promega Corp.) and 100-200 ng of DNA prepared from mouse tails using the DNeasy Tissue Kit (QIAGEN Inc.) according to the directions of the manufacturer. The PCR reaction was performed for 40 cycles using the primer pairs encompassing nucleotides 1567-1588 (GGAATCAAGCTACTG-GACAGTG) of the bovine GRK2 cDNA (33) and nucleotides 469-450 (GAAATTGGACAGCAAGAAAG) in the 3′ untranslated region of the human β-globulin mRNA (32) with the thermal cycle set at 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 2 minutes.
Transgene mRNA expression. To investigate tissue specific expression of the transgene, we reverse transcribed total cellular RNA from mouse tissues and then performed PCR (RT-PCR). The reverse-transcription reaction was performed with Superscript reverse transcriptase (Life Technologies Inc.) and oligo-dT primers using 2 µg of total cellular RNA prepared with the Trizol reagent (Life Technologies Inc.) according to the directions of the manufacturer. Prior to the PCR reaction, total cellular RNA was treated with DNAase (Life Technologies Inc.) according to the directions of the manufacturer. The reverse transcription reaction was performed using Superscript reverse transcriptase (Life Technologies Inc.) and oligo-dT primers according to the directions of the manufacturer. PCR was performed for 30 cycles using Taq DNA polymerase (Promega Corp.) and primer pairs encompassing nucleotides 1567-1588 (GGAATCAAGC-TACTGGACAGTG) of the bovine GRK2 cDNA (33) and nucleotides 469-450 (GAAATTGGACAGCAAGAAAG) in the 3′ untranslated region of the human β-globulin mRNA (32) , with the thermal cycler set at 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 2 minutes. Control PCR reactions were performed for 30 cycles using GAPDH primers (CLONTECH Laboratories Inc.) with the thermal cycler set at 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 2 minutes. PCR products were separated on 1% agarose gels and visualized by staining with ethidium bromide.
Measurement of cAMP generation by mouse calvaria. To determine if the GRK2-CT transgene affected GPCR responsiveness in our transgenic animals, we measured PTH-induced cAMP generation by mouse calvaria ex vivo.
For the experiments, a symmetrical fragment of mouse calvarium containing portions of the occipital, frontal, and parietal bones was isolated aseptically from 6-weekold mice. Calvaria were cut into right and left halves by dividing the bony fragment along the sagital suture line. Right and left halves were each divided into three fragments of equal size. Preliminary experiments suggested that this procedure for obtaining portions of mouse calvaria resulted in bony fragments that varied by less than 15% by weight. Individual bony fragments of calvaria were placed in separate wells of a six-well plastic culture dish (9.5 cm 2 /well) (Corning-Costar Corp.). For the cAMP measurements, the bony fragments were covered with DMEM containing 1% FCS and 2 µCi/ml [ 3 H]-adenine (New England Nuclear). After 90 minutes, 100 µM IBMX was added to the medium. Twenty minutes later, calvaria were stimulated with 100 nM PTH1-34. For the initial studies, calvaria were incubated with either vehicle (Dulbecco's-PBS [D-PBS]) or PTH1-34 for 10 minutes, and data points are the results of triplicate measurements from four separate experiments. In the time-course studies, calvaria were stimulated with vehicle (D-PBS) or PTH1-34 for either 5 minutes or 10 minutes, and data points are the results of duplicate measurements from six separate experiments. Following incubation with PTH1-34, the medium was aspirated and the reaction stopped by adding STOP solution (2.5% perchloric acid containing 100 µM cAMP and 1 µCi [ 14 C]-cAMP) and placing the samples on ice. The samples were then processed as described above for measurement of cAMP generation.
Expression of OPG and OPGL mRNA. To investigate the effect of the transgene on OPG and OPGL mRNA levels in bone, we performed semiquantitative RT-PCR using 2 µg of total cellular RNA isolated from mouse calvaria. The reverse transcription reaction was performed with Superscript reverse transcriptase (Life Technologies Inc.) and oligo-dT primers using RNA prepared with the Trizol reagent (Life Technologies Inc.) according to the directions of the manufacturer. PCR for OPG was performed for 25 cycles using Taq DNA polymerase (Promega Corp.) and primers previously shown to specifically amplify OPG (34) with the thermal cycle set at 94°C for 30 seconds, 50°C for 30 seconds, and 72°C for 90 seconds. PCR for OPGL was performed for 25 cycles using Taq DNA polymerase (Promega Corp.) and primers previously shown to specifically amplify OPGL (35) with the thermal cycler set at 94°C for 30 seconds, 52°C for 30 seconds, and 72°C for 2 minutes. Preliminary studies indicated that the midpoint of the linear phase of template amplification occurred after 25 cycles of PCR in nontransgenic control mice. Control PCR reactions were performed for 25 cycles with GAPDH primers (CLONTECH Laboratories Inc.) with the thermal cycler set at 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 2 minutes. PCR products were separated on 1% agarose gels and visualized by staining with ethidium bromide.
Bone histomorphometry. Quantitative histomorphometric analysis of trabecular bone in tibias of 6-week-old mice was performed using techniques described previously (36) . Mice were given an intraperitoneal injection of tetracycline HCl (30 µg/g body weight) followed by an injection of calcein (15 µg/g body weight) on days 3 and 8 before sacrifice, respectively. After harvesting, nondecalcified sections of the right tibia were fixed in 70% ethanol, followed by staining with Villanueva stain, embedding in methyl methacrylate, and sectioning longitudinally at a thickness of 5-10 µm. The 5-µm sections were stained with Goldner's stain and analyzed under transmitted light, and the 10-µm Villanueva prestained sections were analyzed under fluorescent light as described previously (36) using the Osteomeasure digitizing system (Osteometrics Inc., Atlanta, Georgia, USA). To analyze the effect of the transgene on cortical bone volume, the left tibia was prepared as described above for light microscopy and sectioned transversely at the tibulofibular junction to standardize the location of the transverse section. Fivemicrometer sections were stained with Goldner's stain, and bone area (percentage of tissue area) was measured under transmitted light as described previously (36) . The terminology and units used are those recommended by the histomorphometry nomenclature committee of the American Society of Bone and Mineral Research (37) .
Bone densitometry and dry ash bone weight. Bone mineral density (BMD; given in grams per square centimeter) of femurs was assessed at 6 weeks of age using a LUNARPIXI MUS bone densitometer (Lunar Corp., Madison, Wisconsin, USA). The instrument was calibrated before scanning sessions using a phantom with known BMD according to the manufacturer's guidelines. Dry ash bone weight was measured as described previously (36) .
Measurement of urinary dexoypyridinoline excretion. Mice were placed in metabolic cages, and urine was collected for 24 hours. The urine volume was measured prior to storage at -70°C. Dexoypyridinoline (DPD) excretion was quantitated using the Pyrilinks-D assay kit (Metra Biosystems Inc., Mountain View, California, USA). Data were expressed as picomoles of DPD per 24 hours.
Statistical analysis. Data are presented as the mean plus or minus SEM. For comparisons between two groups, statistical significance was assessed using a Student t test.
Results
A GRK inhibitor enhances PTH/PTHrP receptor signaling in cell culture systems.
To investigate the role of GRKs in regulating GPCR responsiveness in bone, we initially evaluated the effects of a dominant negative GRK construct (the GRK2-CT) (17) (18) (19) (20) using the PTH/PTHrP receptor as our model system. For the experiments, we cotransfected HEK293 cells with the rat PTH/PTHrP receptor and the GRK2-CT. As shown in Figure 1a , HEK293 cells express predominantly GRK2 as seen by immunoblotting using an Ab that recognizes the C termini of both GRK2 and GRK3 (25) . Figure 1b shows that coexpression of the rat PTH/PTHrP receptor and the GRK2-CT significantly enhanced PTH/PTHrP receptor responsiveness compared with cells coexpressing the PTH/PTHrP receptor and empty vector. The increase in PTH/PTHrP receptor responsiveness was associated with high levels of GRK2-CT expression in this model system (Figure 1b, inset) . As shown in Table 1 , expression of the GRK2-CT had no effect on either binding affinity or cell surface expression of the PTH/PTHrP receptor. These data suggest that inhibition of endogenous GRK activity enhances PTH/PTHrP receptor responsiveness in HEK293 cells.
To determine if inhibition of endogenous GRK activity attenuates agonist-specific phosphorylation of GPCRs, we investigated the effect of the GRK2-CT on PTH-induced phosphorylation PTH/PTHrP receptor using a 12CA5-tagged construct that we have used previously to monitor agonist-induced phosphorylation of the PTH/PTHrP receptor (14) . For the experiments, HEK293 cells were cotransfected with a 12CA5-tagged rat PTH/PTHrP receptor and either the GRK2-CT or empty vector. Two days after transfection, cells were loaded with 32 P and then stimulated with PTH1-34 or vehicle. After 10 minutes, cells were harvested and Expression of the GRK2-CT enhances PTH/PTHrP receptor responsiveness and inhibits agonist-induced phosphorylation of the PTH/PTHrP receptor. HEK293 cells were cotransfected with the rat PTH/PTHrP receptor cDNA and either the GRK2-CT or empty vector. Two days after transfection, expression of GRK2 and the GRK2-CT was assessed by immunoblotting as described in Methods using an Ab that recognizes the C terminus of both GRK2 and GRK3 (25) . In parallel experiments, we investigated the effect of the GRK2-CT on PTH/PTHrP receptor responsiveness by measuring cAMP generation and agonist-induced phosphorylation of the PTH/PTHrP receptor by immunoprecipitation of 12CA5-tagged PTH/PTHrP receptors, as described in Methods. immunoprecipitation was performed as described in Methods. As shown in Figure 1c , stimulation of transfected HEK293 cells with 100 nM PTH1-34 caused phosphorylation of a broad band of ∼80 kDa, which previously we have demonstrated is the PTH/PTHrP receptor (14) . Phosphorylation of the PTH/PTHrP receptor protein was attenuated in cells cotransfected with the GRK2-CT compared with cells cotransfected with empty vector. Figure 1d shows that similar amounts of PTH/PTHrP receptor were immunoprecipitated in cells cotransfected with either empty vector or the GRK2-CT. These data indicate that inhibition of GRK activity in our HEK293 cell system attenuates agonist-induced phosphorylation of the PTH/PTHrP receptor.
We next investigated the effect of GRK inhibition on PTH/PTHrP receptor responsiveness in the rat osteosarcoma cell line ROS 17/2.8 cells, which express an endogenous receptor for PTH/PTHrP (26) . For the experiments, we first determined if ROS 17/2.8 cells express GRK2 and/or GRK3 by immunoblotting using an Ab that recognizes both GRKs (25) . As shown in Figure 2a , ROS 17/2.8 cells express GRK2 and lesser levels of GRK3. To express the GRK2-CT in ROS 17/2.8 cells, we used a retroviral system that results in high levels of protein expression in 80-90% of the cells (data not shown). Figure 2b shows that infection of ROS 17/2.8 cells with the GRK2-CT significantly enhanced PTH/PTHrP receptor responsiveness compared with cells infected with empty vector. The increase in PTH/PTHrP receptor responsiveness was associated with high levels of GRK2-CT expression in this model system (Figure 2c ). These data, taken together with previous studies (38) , suggest that inhibition of endogenous GRK activity in an osteoblast cell line enhances GPCR responsiveness.
Creation of a GRK2-CT transgene. To determine if modulation of GRK activity affects bone formation in vivo, we used a 1.3-kb fragment of the mouse OG2 promoter (see Figure 3a) to target expression of the GRK2-CT to mature osteoblasts (22) . Before generating transgenic mice, we determined if our transgene was expressed in the rat osteosarcoma cell line ROS 17/2.8 cells. The GRK2-CT construct was designed so that expression of the transgene was driven solely by the OG2 promoter (see Methods). For the studies, ROS 17/2.8 cells were transfected with either empty vector or the GRK2-CT transgenic construct. The mammalian expression vector used in the experiments contained a neomycinresistant cassette that permitted G418 selection. After selecting stable transfectants in G418, expression of the GRK2-CT was investigated by immunoblotting. As shown in Figure 3b , the GRK2-CT was expressed by ROS 17/2.8 cells. These data are consistent with the notion that our GRK2-CT transgene is targeted for expression in mature osteoblasts.
Effect of GRK2-CT transgene on osteoblast-mediated bone formation in vivo.
To determine if our transgene affected bone formation in vivo, the linearized construct was injected into the pronuclei of one-cell mouse embryos and then surgically reimplanted into pseudopregnant females. Mice were screened for incorporation of the transgene by PCR, using primers specific for the transgene (see Figure  3a) . Two independent lines were established from the founder animals and identical results were obtained using the progeny from these independent founder lines. We next determined tissue-specific expression of our transgene by reverse transcription of total cellular RNA isolated from mouse tissues, followed by PCR using transgenespecific primers ( Figure 3a) . As shown in Figure 3c , a PCR product of the appropriate size was detected in bone from transgenic mice using GRK2-CT primers when an RT reaction was performed prior to PCR. A small amount of GRK2-CT PCR product was also detected in the brain, as has been reported by other investigators using this promoter sequence (39) . Sequencing of the PCR product confirmed the presence of transgene mRNA. No GRK2-CT PCR products were detected in other tissues from the transgenic mice or in any of the tissues from the nontransgenic littermate controls (Figure 3d ). The control PCR reaction (GAPDH) confirmed that the RT reaction was successful in the tissues examined. These data
Figure 2
Expression of the GRK2-CT enhances PTH/PTHrP receptor responsiveness in cells that express an endogenous PTH/PTHrP receptor. The GRK2-CT was expressed in ROS 17/2.8 cells using a retroviral system as described in Methods. Two days after infection, expression of GRK2, GRK3, and the GRK2-CT was assessed by immunoblotting as described in Methods, using an Ab that recognizes the C terminus of both GRK2 and GRK3 (25) . In parallel experiments, cAMP generation was measured to determine the effect of the GRK2-CT on PTH/PTHrP receptor responsiveness. (29) to obtain the Bmax and equilibrium Kd. Data are presented as the mean ± SEM.
suggest that transgene mRNA expression is targeted to bone with low levels of ectopic expression in brain. We next determined if expression of the transgene was associated with enhanced responsiveness of GPCRs in bone by measuring PTH-induced cAMP generation ex vivo using mouse calvaria. We found that PTH-induced cAMP generation was significantly increased in calvaria from transgenic mice compared with nontransgenic littermate controls 10 minutes after the addition of PTH1-34 (transgenic, 147% ± 29% increase vs. nontransgenic, 99% ± 16% increase above baseline; P < 0.05). Additional experiments were performed to determine if the tempo of PTH-induced cAMP generation was altered by the transgene. We found that cAMP generation was similar 5 minutes (105% ± 27% increase above baseline) and 10 minutes (91% ± 25% increase above baseline) after the addition of PTH1-34 in nontransgenic mice. In contrast, PTH-induced cAMP generation increased significantly between the 5-and 10-minute time points in the transgenic animals (124% ± 22% vs. 168% ± 10% increase above baseline; P < 0.05). As in the initial studies, PTH-induced cAMP generation was also increased in transgenic mice compared with the nontransgenic littermate controls at the 10-minute time point (P < 0.025). PTH/PTHrP receptor responsiveness tended to be increased in transgenic mice compared with the control animals at the 5-minute time point, but this difference was not statistically significant. Taken together, these data are consistent with the notion that inhibition of endogenous GRK activity in osteoblasts enhances GPCR responsiveness in bone.
To investigate the phenotype of our transgenic mice, we first performed BMD measurements on femurs isolated from mice at 6 weeks of age. Data were similar in male and female animals; we therefore combined these data for the statistical analysis. There was a statistically significant increase in BMD in transgenic animals compared with nontransgenic littermate controls (wild-type, 54.2 ± 2.1 mg/cm 2 , vs. transgenic, 59.0 ± 1.2 mg/cm 2 ; P < 0.05). Similarly, dry ash bone weight tended to be increased in transgenic mice compared with nontransgenic littermates; however, this difference did not reach statistical significance (wild-type, 14.1 ± 2.9 mg, vs. transgenic, 17.5 ± 1.3 mg; P = NS). These data suggest that expression of the transgene increases bone mineral content.
We next performed bone histomorphometry on tibias isolated from mice at 6 weeks of age. Data were similar in male and female animals and were therefore combined for the statistical analysis. As shown in Figure 4 and Table 2 , trabecular bone volume was increased in transgenic mice compared with nontransgenic littermate controls. This increase in trabecular bone volume was caused by an increase in trabecular thickness without an increase in the number of trabeculae. In the transgenic animals, osteoid surface, osteoid thickness, and osteoblast number were significantly increased compared with control animals. Osteoblast surface, erosive surface, and osteoclast number tended to be increased in the transgenic animals, but these differences did not reach statistical significance. The increase in osteoid volume and osteoid thickness reflects accelerated bone formation since the dynamic indices of bone formation showed an increase in both the mineral apposition rate as well as the bone formation rate (see Figure 4 and Table 2 ), and the mineralization lag time was not different between transgenic mice and nontransgenic littermate controls. Cortical bone cross-sectional area was not different in transgenic (a) The GRK2-CT transgene containing the 1.3-kb mouse OG2 promoter, the GRK2-CT, and the human β-globulin polyadenylation signal. Also shown are the approximate locations of the PCR primers (primer 1 and primer 2). (b) ROS 17/2.8 cells were transfected with a mammalian expression vector containing our transgene and a neomycin-resistant cassette. The constructs was designed so that GRK2-CT expression was driven solely by the OG2 promoter (see Methods). Following G418 selection, GRK2-CT expression was investigated by immunoblotting. The GRK2-CT was expressed by ROS 17/2.8 cells transfected with the vector containing our transgene, but not in cells transfected with empty vector. Apparent molecular mass is indicated in kDa. (c and d) PCR or RT-PCR was performed using total cellular RNA prepared from the indicated mouse tissues as described in Methods. Molecular size is indicated in base pairs. (c) A PCR product of the appropriate size was detected in bone from transgenic mice when an RT reaction was performed prior to PCR. A small amount of GRK2-CT PCR product was also detected in the brain, as has been reported by other investigators (40) . (d) No GRK2-CT PCR products were detected in tissues from nontransgenic littermate controls. Control PCR reactions revealed a PCR product of the appropriate size in all tissues using the GAPDH primers when an RT reaction was performed prior to PCR. mice compared with nontransgenic littermate controls (wild-type, 74.5% ± 0.5%, vs. transgenic, 75.5% ± 2.5%; P = NS). Taken together, these data are consistent with the notion that inhibition of GRK activity in mature osteoblasts caused an increase in trabecular bone volume by enhancing osteoblast-mediated bone formation.
Effect of the transgene on DPD excretion and expression of OPG and OPGL mRNA. To investigate the effect of the transgene on osteoclast-mediated bone resorption in vivo, we measured urinary excretion of DPD, which is a marker of both osteoclast number and activity (40) . As shown in Figure 5a , urinary excretion of DPD was enhanced in transgenic mice compared with nontransgenic littermate controls. These data suggest that targeting expression of the transgene to mature osteoblasts was accompanied by enhanced osteoclastic activity and, in turn, increased bone resorption.
The osteoclast inhibitory factor OPG and the osteoclast differentiation factor OPGL are potent regulators of osteoclast development (41) . Both OPG and OPGL are produced by osteoblasts (41) , and agonists of several GPCR systems have been shown to modulate their production (35, 42, 43) . We therefore determined if our transgene affected OPG and OPGL mRNA levels. For the experiments, we performed semiquantitative RT-PCR on total cellular RNA isolated from calvaria of transgenic mice and nontransgenic littermate controls at 6 weeks of age. As shown in Table 3 and in Figure 5 , b-d, OPG mRNA levels were decreased in transgenic animals compared with nontransgenic littermate controls. In contrast, OPGL mRNA levels were increased compared with the controls. These data suggest that the transgene has divergent effects on OPG and OPGL mRNA levels in bones from transgenic animals.
Discussion
GPCR agonists are important endogenous regulators of bone remodeling (44) (45) (46) (47) (48) (49) and are potentially useful as pharmacological agents for regenerating the trabecular architecture of bone (2, (4) (5) (6) (7) (8) (9) . Treatment with GPCR agonists, however, is often limited by catabolic effects due to coupling of osteoblast-mediated bone formation to osteoclast-mediated resorption (2, 8, 9) . The observations that intermittent PTH administration has potent anabolic actions and continuous infusion has catabolic effects on bone (8, 9) raises the possibility that GPCR desensitization is an important determinant of skeletal homeostasis. In the current investigations, we directly establish a relationship between GPCR desensitization and osteogenic potential by inhibiting GPCR desensitization in
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The osteoblasts with a dominant negative C-terminal fragment of GRK2 (18) (19) (20) . In HEK293 cells transfected with the PTH receptor cDNA, as well as in osteoblasts expressing an endogenous PTH receptor, we found that GRK2-CT overexpression enhanced PTH-induced cAMP generation ( Figure 1 and Figure 2 ). Enhanced PTH receptor signaling also was associated with a reduction in agonist-induced phosphorylation of the PTH receptor in HEK293 cells cotransfected with the PTH receptor and the GRK2-CT (Figure 1 ). Our findings differ from those of Malecz et al. (16) , which failed to inhibit agonist-specific phosphorylation of the PTH/PTHrP receptor responsiveness by transient transfection of GRK2-CT into cells stably expressing the PTH/PTHrP receptor. The different results may be due to the higher levels of CRK2-CT expression attained with the retroviral system (24, 27) compared with the relatively inefficient expression using transient transfection strategies. Regardless, our findings that GRK2-CT produced a statistically significant increase in PTH-induced cAMP generation in ROS 17/2.8 osteoblasts, together with our previous observations (14) and the findings of other investigators (15, 16, 38) , provide compelling evidence that GRKs contribute to regulating PTH receptor responsiveness. Based on the in vitro findings, we predicted that the targeted overexpression of the GRK2-CT to osteoblasts would inhibit desensitization of endogenous GPCRs and, in turn, prolong the actions of endogenous GPCR ligands leading to stimulation of bone remodeling. Indeed, we found that PTH-induced cAMP generation by mouse calvaria was enhanced ex vivo in transgenic mice compared with nontransgenic littermate controls. Moreover, targeted expression of a GRK inhibitor to mature osteoblasts using the OG2 promoter enhanced osteoblast-mediated bone formation (Table 2 ). Since mature osteoblasts were the primary target for transgene expression and these cells contain several GPCRs (2, 50) , the effects on bone remodeling are likely due to the persistent activity of endogenous osteoblastic GPCRs. This receptor "overactivity" resulted in an increase in osteoblast-mediated deposition of extracellular matrix and mineral apposition at individual bone remodeling sites (Table 2) . We also observed an increase in the osteoid-covered bone surfaces as well as osteoid thickness in transgenic mice that is likely due to accelerated bone formation since the mineralization lag time (Mlt) was not changed (Table 2) , indicating that the hyperosteoidosis was not due to defective mineralization. Lastly, accelerated bone formation was associated with an increase in osteoblast number, which could result from either enhanced osteoblast proliferation, increased recruitment of new osteoblasts, or prolongation of osteoblast life span. We favor the latter possibility since the OG2 promoter drives expression of the GRK inhibitor in postmitotic mature osteoblasts (22) , and GRK inhibition has antiproliferative effects on osteoblast cell lines (ref. 51 and unpublished data). Interestingly, recent studies by Jilka et al. (52) suggest that GPCR agonists such as PTH are potent inhibitors of osteoblast apoptosis both in vitro and in vivo, thereby prolonging osteoblast life span. Moreover, the present studies as well as studies by other investigators (38) indicate that GRK inhibition enhances GPCR responsiveness to agonists such as PTH in osteoblast cell lines. While further studies will be necessary to determine the role of apoptosis in promoting the increase in osteoblast numbers observed in the present studies, it is tempting to speculate that the increase in the number of mature osteoblasts in our transgenic mice may have been mediated by inhibiting osteoblast apoptosis. Normally, stimulation of osteoblast-mediated bone formation is linked to osteoclast-mediated bone resorption. This effect is due, at least in part, to the balance between the osteoclast inhibitory factor OPG and the osteoclast differentiation factor OPGL (35, 42, 43) , which are released from osteoblast-precursors and mature osteoblasts (41) . By bone histomorphometry, which can detect only major changes in bone resorption, we failed to observe evidence for increased osteoclast-mediated bone resorption in OG2-GRK-CT transgenic mice. However, the increase in DPD excretion in the transgenic mice suggest enhanced osteoclastic activity. These data prompted us to exam the effect of our transgene on OPG and OPGL mRNA levels in bone. Using semiquantitative PCR, we found an increase in OPGL mRNA levels and a decrease in OPG mRNA levels in calvaria of transgenic mice compared with nontransgenic littermate controls. This pattern of OPG and OPGL production would tend to promote osteoclast activation (41) and is similar to the effects of anabolic GPCR agonists in both cell culture systems and in vivo (35, 42, 43) . For example, prostaglandin E 2 appears to stimulate OPGL production and inhibits OPG production through adenylyl cyclase-dependent pathways in osteoblast cell lines (42, 53) . In vivo, PTH potently stimulates OPGL expression and inhibits OPG expression in mice following a single injection of the GPCR agonist (43) . Thus, expression of the GRK inhibitor produced a similar effect in transgenic mice without significantly affecting bone histomorphometric measures of osteoclastic activity. The inability of bone histomorphometry to detect enhanced osteoclastic activity may, in part, be related to the sensitivity of the methodology. Alternatively, recent studies suggest that OPGL may be a potent activator of osteoblasts and, when given in pharmacological doses, is a potent bone-forming agent (54). Thus, it is possible that increased OPGL levels affected primarily the osteoblastic component of bone formation and bone remodeling with less pronounced effects on the osteoclasts. Additional studies will be necessary to investigate this latter possibility; however, these data suggest that GRK inhibition in osteoblasts produces a pattern of OPGL and OPG mRNA levels that is seen following pharmacological administration of bone-forming GPCR agonists (35, 42, 43) .
There may be other actions of GRK inhibitors that are mediated downstream of receptor phosphorylation. For example, GPCRs coupled to inhibition of adenylyl cyclase through the α-subunit of heterotrimer G proteins also activate phospholipase C (PLC) through βγ-subunit-dependent mechanisms (18) . By acting as a βγ-subunit sequestrant, the GRK2-CT inhibits βγ-subunit-dependent activation of PLC (18) . These observations may be of importance with regard to the effects of the GRK-CT on bone since, at least with regard to PTH, the anabolic effects of PTH in vivo appear to be mediated by adenylyl cyclase-dependent pathways (55) , whereas PLC-dependent pathways either have little effect on bone formation in vivo (55) or may even enhance bone loss in animal model osteoporosis (55) . The GRK2-CT may also have effects on additional downstream effectors of GPCR signaling. In this regard, βγ-subunit-dependent pathways stimulate mitogen-activated protein (MAP) kinases in some receptor systems (56, 57) . By sequestering βγ-subunits, the GRK2-CT has antiproliferative effects in cell culture systems (57) . Indeed, because of this antiproliferative effect, we chose to target expression of our transgene to mature osteoblasts, thus avoiding potential antiproliferative effects of GRK inhibition on osteoblast precursor cells (ref. 51 and unpublished data). In future studies, however, it may be of interest to target expression of our transgene to osteoblast precursors using the type 1 collagen promoter or the Cbfa promoter. If the antiproliferative effect of GRK inhibition in cell culture systems also occurs in vivo, it is possible that these transgenic animals will have a reduced number of osteoblasts and might be osteopenic.
In summary, we used the PTH/PTHrP receptor as a model GPCR system to evaluate the effect of GRK inhibition on GPCR responsiveness in bone. We found that expression of a GRK inhibitor enhanced PTH/PTHrP receptor responsiveness both in cells transfected with the PTH/PTHrP receptor cDNA as well as in an osteosarcoma cell line that expresses an endogenous receptor for PTH/PTHrP. Consistent with the apparent attenuation of PTH/PTHrP receptor desensitization caused by the GRK inhibitor, enhanced PTH/PTHrP receptor signaling was associated with inhibition of agonist-induced phosphorylation of the PTH/PTHrP receptor. To determine the effect of GRK inhibition on bone formation in vivo, we targeted expression of a GRK inhibitor to mature osteoblasts using the OG2 promoter. Transgenic mice demonstrated an increase in osteoblastic and osteoclastic activity as well as alterations in OPG and OPGL mRNA expression in mouse calvaria, which had a pattern that would tend to promote osteoclast activation. Although both bone formation and bone resorption were enhanced in transgenic mice, the net effect of the transgene was anabolic, indicating that bone formation was increased to a greater extent than bone resorption. Taken together, these data suggest that GRKs play a key role in regulating GPCR systems in bone as well as in modulating bone formation in vivo. The pharmacological manipulation of GRK systems in bone may be a strategy for promoting bone formation in vivo.
